Biological functions of cell membranes and their correlation to the heterogeneity of the latter's lipid composition are still poorly understood. Fluorescence provides one of the most versatile tools for studying biological membranes. However, few bright and photostable fluorescent probes for labeling plasma membranes are available. We have designed and synthesized two such probes, 8 and 9, that are based on the thiazole-coumarin scaffold. Both are environment sensitive and exhibit similar shifts of emission spectra in a variety of solvents as probes based on 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD). In particular, the second, positively charged probe 9 labels the plasma membrane selectively with limited redistribution to other membranes of the cell. Unfortunately, compared to the other two probes tested, 8 and 6-NBD-PC, it exhibits the highest rate of photobleaching. Nevertheless, these new thiazole-coumarin based membrane probes provide a viable approach to the design of novel membrane probes.
Introduction
The biological functions of cell membranes are strongly related to the heterogeneity of their lipid composition. 1 However, the underlying mechanisms responsible for membrane heterogeneity remain poorly understood and are therefore a hot topic of research. 1 Membrane heterogeneity is essentially that of lipid distribution, identifiable by distinct physicochemical properties measurable by an array of techniques. 2 Fluorescence techniques stand out of this array, because of their high sensitivity and ability to operate in systems of varied complexity. 2 Because of this advantages fluorescence techniques became practically indispensable in the fields relevant to physical, chemical, biological and medical sciences. 3 Especially fluorescence microscopy techniques revolutionized our understanding of life at cellular level. With appropriate probes we are able to visualize selected structures, view on-going processes or measure numerous parameters e.g. intracellular concentration of a selected ion. [3] [4] [5] However, new technologies based on fluorescence phenomena continually emerge, while the development of new fluorophores and fluorescent probes lags behind. 6 This problem is especially pronounced in fluorescence imaging of membranes in live cells, since not many suitable membrane probes are available. Although most of such probes work well in model membranes, they are frequently unsuitable for experiments on living cells, because, for example, of their internalization, photobleaching and toxicity. 7 Differences in lipid composition are reflected in small differences in polarity of the membrane. The latter can be detected by solvatochromic dyes, a subclass of environment-sensitive probes. 7 In principle, environment-sensitive probes do not need selective partitioning in the membrane, since changes in local polarity result in changes of quantum yield and shifts of their emission maxima. 7 The latter can be observed by several fluorescence microspectroscopy techniques (spectral imaging) that enable very small shifts of emission maximum position, down to 1 nm, to be detected. 8 7-Nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) is one of the environment-sensitive fluorophores widely used for studying membrane heterogeneity (Figure 1 , A). However, it has a number of downsides, photobleaching being one of the most pronounced. 9, 10 Fluorophores based on the cou-marin scaffold (Figure 1 , B) are also environment sensitive and, usually, more photostable than NBD. 11 Moreover, there are well established structure-spectra relationships that enable the design of coumarin-based probes with predictable photophysical properties. 12 In this work, we report on the synthesis of two fluorescent membrane probes based on the coumarin-thiazole scaffold. The aim was to produce probes for selective labeling of plasma membranes of living cells. The synthesized probes were compared to 6-NBD-PC regarding labeling properties, environment-sensitivity and photostability.
Experimental

1. Materials and Methods
Chemicals from Sigma-Aldrich and Acros were used without further purification. All reactions were performed under argon atmosphere unless otherwise stated. Analytical TLC was performed on Merck silica gel (60 F 254 ) plates (0.25 mm) and visualized with ultraviolet light and detected with 20% sulphuric acid in ethanol. Melting points were determined on a Reichert hot stage microscope. 1 H and 13 C NMR spectra were recorded on a BRUKER AVANCE III 400 MHz NMR spectrometer in CDCl 3 , DMSO-d 6 , MeOH-d 4 , and pyridine-d 5 solution, with TMS or residual solvent signals as the internal standards. Mass spectra were recorded using an ADVION expression CMS and a VG-Analytical Q-TOF Premier mass spectrometer, the later for determination of high resolution masses (HRMS). Fluorescence spectra were measured with Perkin Elmer LS 55 fluorescence spectrophotometer or Biotec Synergy H4 Hybrid Microplate reader. Absorption spectra were measured with Varian Cary 50 UV-Vis spectrophotometer. Inverted Nikon TE-2000 E fluorescence microscope, equipped with a confocal unit Carv II (BD Biosciences) and Rolera-MGi camera was used for fluorescence microscopy observations.
Synthesis and Characterization
3-(Benzyloxy)-N,N-dioctylaniline (1).
An oven-dried pressure tube equipped with a magnetic stirring bar was charged with Pd 2 dba 3 (69.6 mg, 1 mol %), RuPhos (35.4 mg, 1 mol %), KOtBu (1.53 g, 13.7 mmol, 1.8 equiv.), 1-(benzyloxy)-3-bromobenzene (2 g, 7.6 mmol, 1 equiv.) and activated molecular sieves of 4 Å (300 mg). The vessel was flushed well with argon. Dry toluene (10 mL) and di-octylamine (3.2 mL, 1.4 equiv.) were added, and the pressure tube was sealed with a Teflon screw cap and placed into an oil bath at 110 °C for 3 h. The reaction mixture was then cooled to room temperature and filtered. The solvent was removed under reduced pressure and the crude product was purified by flash chromatography (EtOAc:hexane, 1:6), to give the desired product (95%) as a light yellow oil. 1 
3-(Dioctylamino)phenol (2)
. Compound 1 (3.26g, 7.7 mmol) was dissolved in EtOAc (100 mL). Argon was passed through the solution, followed by addition of Pd/C (350 mg). Hydrogen was passed through the reaction mixture and the reaction mixture was than stirred at room temperature with hydrogen atmosphere for 15 h. Argon was passed through the reaction mixture, Pd/C was filtered off and the solvent was removed under reduced pressure, to yield the desired product as dark oil (99%). The crude product was used in the next step without further purification. MS (ESI): m/z calcd. for C 22 
4-(Dioctylamino)-2-hydroxybenzaldehyde (3). POCl 3
(1.26 mL, 13.5 mmol, 3 equiv.) was added dropwise to dry DMF (3 mL) at 0 °C (ice bath). Reaction mixture was stirred on an ice bath for 30 minutes, followed by dropwise addition of phenol 2 dissolved in dry DMF (2 mL). Reaction mixture was than stirred at 80 °C for 2 h. Reaction mixture was cooled to room temperature, diluted with EtOAc (50 mL) and transferred to a flask with saturated solution of NaHCO 3 (100 mL). The mixture was stirred for 1 h at room temperature. Upper organic layer was collected, washed with brine (50 mL) and dried over Na 2 SO 4 . The solvent was evaporated under reduced pressure and the crude product was purified by flash chromatography (DCM), to give the desired product (41%) as light brown oil. 1 
7-(Dioctylamino)-2-oxo-2H-chromene-3-carboxamide (4).
The aldehyde 3 (643 mg, 1.8 mmol, 1 equiv.) and diethylmalonate (822 µL, 4.5 mol, 2.5 equiv.) was dissolved in dry ethanol (30 mL) followed by the addition of piperidine (50 µL, 0.5 mol, 0.28 equiv.). Reaction mixture was refluxed for 15 h. Methanol (20 mL) was added to cooled (0 °C) reaction mixture and ammonia gas was bubbled through for 15 min. Yellow precipitate started to form and the reaction mixture was stirred at room temperature for 3 days. Water (20 mL) was added to the reaction mixture and the desired product was collected by filtration as a yellow precipitate (87%). M.p. 90-93 °C. 1 
7-(Dioctylamino)-2-oxo-2H-chromene-3-carbothioamide (5).
The amide 4 (609 mg, 1.9 mmol, 1 equiv.) and Lawesson's reagent (395 mg, 0.98 mmol, 0.51 equiv.) were dissolved in dry dioxane (20 mL) and the reaction mixture was refluxed overnight. The solvent was evaporated under reduced pressure and the residue dissolved in EtOAc (50 mL). EtOAc solution was washed with water (2×50 mL), saturated aqueous solution of NaHCO 3 (2×50 mL), brine (50 mL) and dried over Na 2 SO 4 . The solvent was evaporated under reduced pressure and the crude product was purified by flash chromatography (EtOAc:hexane, 1:2), to give the desired product (61%) as a brown solid. 1 
3-(4-(Chloromethyl)thiazol-2-yl)-7-(dioctylamino)-2H-chromen-2-one (6)
. The thioamide 5 (515 mg, 1.16 mmol, 1 equiv.) was dissolved in DMF (5 mL), followed by addition of 1,3-dichloropropan-2-one (177 mg, 1.4 mmol, 1.2 equiv.). The reaction mixture was stirred at room temperature for 3 days. Solvent was removed under reduced pressure and the residue was dissolved in DCM (50 mL), washed with saturated solution of NaHCO 3 (2×30 mL), water (2×30 mL) and brine (2×50 mL), and dried over Na-phy (DCM), to give the desired product (69%) as an orange solid. M.p. 57-60 °C. 1 Diethyl ((2-(7-(dioctylamino)-2-oxo-2H-chromen-3-yl) thiazol-4-yl)methyl)phosphonate (7) . Thiazol 6 (206 mg, 0.4 mmol, 1.1 equiv.) was dissolved in triethyl phosphite (3 mL) and the solution was stirred at 130 °C for 15 h. Triethyl phosphite was distilled off under reduced pressure and the crude product was purified by flash chromatography (DCM:MeOH, 50:1 to 25:1), to give the desired product (81%) as an orange oil. 1 
((2-(7-(Dioctylamino)-2-oxo-2H-chromen-3-yl)thiazol-4-yl)methyl)phosphonic acid (8).
To a solution of diethyl phosphonat 7 (190 mg, 0.31 mmol, 1 equiv.) in dry CH 2 Cl 2 (7.5 mL) cooled in an ice bath, TMSBr (1.5 mL) was added dropwise. The reaction mixture was left to react for 3 days at room temperature. The solvent was evaporated under reduced pressure and 5 mL of a mixture of THF and water (1:1) was added and the reaction mixture was stirred for 1 day. Solvents were removed under reduced pressure and product was re-crystalized from CH 3 CN to give an orange solid (84%). M.p. 106-109 °C. 1 (9) . Compound 6 (106 mg, 0.20 mmol, 1 equiv.) was dissolved in 4.2 M solution of trimethylamine (5 mL). The reaction mixture was left to react for 3 days at room temperature. The solvent was evaporated under reduced pressure and the solid residue was suspended in a mixture of diethyl ether and hexane (1:1) (5 mL), filtered and washed with diethyl ether and hexane (1:1) (10 mL), to give the desired product as an orange solid (85%). M.p. 152-155 °C. 1 13 
1-(2-(7-(Dioctylamino)-2-oxo-2H-chromen-3-yl)thiazol-4-yl)-N,N,N-trimethylmethanaminium chloride
3. Cell Culture and Parameters of Fluorescence Microscopy
Mouse lung epithelial cell line LA-4 was cultured in cell medium (F12K medium, 15% FCS, both from ATCC, 1% P/S (antibiotics), 1% NEAA (nonessential amino acids) from Sigma). The cells were cultured at 37 °C in a humidified 5% CO 2 atmosphere. For the fluorescence microscopy observation, cells were plated on 8 well glass-bottom cell culture dish (Lab-Tek Chambred Coverglass) for an additional day. Cell medium was replaced with fluorescent dye in a phosphate buffer saline at final concentration 10 -7 M or 10 -8 M (0.1% DMSO), incubated for a few minutes than fluorescence at different time points was measured or wide field fluorescence images were taken. Samples were excited by nonpolarized light from a Xe-Hg source (Sutter Lambda LS, Novato, CA) through broad-band filters (all band-pass filters and dichroic were BrightLine from Semrock, Rochester, NY). Fluorescence was detected through matching broadband filters. Objective with 60× (water immersion) magnification was used with high numerical aperture (NA = 1.27, working distance 0.17 mm). Set of filters used in experiments was following: 415-455 nm excitation filter, 458 nm dichroic, and 468-552 nm emission filter.
Results and Discussion
1. Design and Synthesis
Coumarins have been used as the basis of membrane probes, but the probes presented in this paper are the first to mimic the amphiphilic properties of membrane lipids, by possessing aliphatic tails and a polar head incorporated in the coumarin core. [13] [14] [15] Thiazole at position 3 of the coumarin scaffold is known to produce marked red-shifts of the excitation and emission spectra and, in addition, to result in higher molar absorptivities and quantum yields than those of the 3-unsubstituted derivative. 16 In our case it also provided the opportunity for introducing a polar head group. 17 Probes were designed with a permanently charged polar head at physiological pH, since this reduces the likelihood of flip-flop and further redistribution to other membranes of the cell. The lipophilic part of the probe comprises two aliphatic tails attached to the amino group at position 7 of the coumarin scaffold.
Since the synthesized probes differ only in their head groups, the first six synthetic steps were the same for both probes. Synthesis commenced with palladium-catalyzed N-arylation of dioctylamine with 1-(benzyloxy)-3-bromobenzene, giving compound 1 in high yield (Scheme 1). 18 The benzyl protective group was removed with hydrogen in the presence of Pd/C to afford compound 2. In the next step, a formyl group was introduced under Vilsmeier-Haack conditions to yield salicylaldehyde 3. This was followed by two reaction steps in one pot; first, Knoevenagel condensation between salicylaldehyde 3 and diethyl malonate to yield 7-dioctylaminocoumarin-3-carboxylic acid ethyl ester and, second, aminolysis of the ester with ammonia to give amide 4. The amide 4 was, in the next step and using Lawesson's reagent, converted to thioamide 5. 16 Reaction between thioamide 5 and 1,3-dichloroacetone in DMF gave thiazole 6. The latter conversion was first attempted in THF instead of DMF and with the 1.5 equiv. of Et 3 N, as used successfully with aliphatic thioamides, 19 but the initial attempts did not produce the desired product. Only after replacing the THF by DMF and omitting the base was the desired product, thiazole 6, obtained. 16 Thiazole 6 was further reacted with P(OEt) 3 to yield diethylphosphonate 7. In the next step, both ester groups were cleaved with TMSBr to yield probe 8 having a negatively charged headgroup. 20, 21 To obtain a probe with a positively charged headgroup, thiazole 6 was reacted with Me 3 N to give probe 9. 22 
2. Absorption and Emission Spectra
Absorption spectra of ethanol solutions of probes 8 and 9 were recorded (Figure 2, A) . Absorption maximum for probe 8 was 445 nm and 461 nm for probe 9. This is a relatively large difference in position of absorption maxima for probes with the same fluorescent core. To further characterize the photophysical properties, the fluorescence spectra of probes 8 and 9 were recorded in solvents of different polarities (Figure 2 , B and C). Shifts in emission maxima and differences in overall shape of spectra in different solvents were more pronounced with probe 8 than with probe 9. In the case of probe 8, type of solvent also had more significant influence on emission intensity as compared to probe 9. Phosphonic acid of probe 8 can form hydrogen bonds with the solvent and we assume this is how solvent influences the shape and intensity of emission spectrum. This may also explain the difference in absorption spectra of probes 8 and 9, since both probes differ only in the type of polar headgroup.
Fluorescence Microscopy
LA4 cells were labeled with probes 8 and 9 and observed under a fluorescence microscope. Labeling was carried out by addition of dyes dissolved in DMSO. Both probes labeled cells rapidly and, at the concentrations used, evenly and without apparent induction of toxicity. Strikingly, probe 8 was internalized rapidly into intracellular membranes, whereas probe 9 remained localized mostly on the plasma membrane ( Figure 3, A and B ). This is in accordance with general observations that positively charged membrane probes are internalized to a lesser extent. 7 For future development of probe 9 a zwitterion configuration or an additional positive charge at the headgroup should increase localization of the probe at the plasma membrane. 7 In a study of photostability, probes 8 and 9 were compared to commercially available 6-NBD-PC in labeled LA4 cells (Figure 3 , C). Internalized probe 8 proved to be more photostable than 6-NBD-PC while, surprisingly, probe 9 was more prone to photobleaching than probe 8 or 6-NBD-PC. This is interesting, since probes 8 and 9 possess the same coumarin-thiazole scaffold, differing only in the polar headgroup. As well as small differences in chemical structure, different environment, such as lipid composition, oxygen and antioxidant concentration, can influence the rate of photobleaching. 23, 24 This and the influence of polar headgroup can explain different rates of photobleaching for probes 8 and 9. The initially planned microspectroscopy, i.e. recording of emission spectra in each voxel, was not possible due to the high rate of photobleaching of probe 9, even when using bleaching-corrected fluorescence microspectroscopy. 25 This limiting factor will be addressed in any future development by incorporating design features that increase photostability. 26, 27 
Conclusion
The plasma membrane remains in the focus of research, with fluorescent techniques, in particular the numerous types of fluorescence microscopy, being the most versatile tool for its study. The full potential of fluorescence microscopy is, however, limited by the lack of bright and photostable fluorescent probes. We have designed and synthesized two membrane probes, 8 and 9, both based on the thiazole-coumarin scaffold. Both probes are environment sensitive, especially probe 8 exhibits significant shifts of emission maxima and fluorescence intensity depending on the solvent. Both probes quickly labeled cell membranes, in particular, the positively charged probe 9 labeled the plasma membrane selectively, with slow redistribution to other intracellular membranes. Nevertheless, it had the highest rate of photobleaching of all the probes tested, i.e. probes 8 and 6-NBD-PC. Because of the low photostability of probe 9, a microspectroscopy study was not possible. However, we have proved that the use of coumarin-based membrane probes constitutes a viable approach to the design of novel membrane probes.
